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ABSTRACT

Based on the principles of thermodynamics and reaction kinetics, a dynamic model for the
Vacuum Circulation (RH) Process was developed. It comprises decarburisation, denitrogenation,
dehydrogenation and the course of steel temperature. The process model was validated by
comparison of simulation results with measured process data from the RH/1 plant of Voest
Alpine Stahl Linz (VASL). At this plant, it is used for on-line observation of the contents of carbon,
oxygen, hydrogen and nitrogen as well as the steel temperature. Based on measured values of
vessel pressure, lift gas flow rate as well as waste gas flow rate and composition, the current
heat status is calculated with good accuracy, giving the operator valuable information on the
progress of vacuum treatment.

FUNDAMENTALS AND STRUCTURE OF THE PROCESS MODEL

The basis for on-line observation is a dynamic model for the Vacuum Circulation Process.
According to its structure shown in Fig. 1, it can be divided into the following parts:

Steel circulation and degassing reactions for carbon, hydrogen and nitrogen removal.

Equilibrium conditions for the degassing reactions depending on the partial pressure of the
corresponding reaction gases and thus on the vessel pressure.

Oxygen removal caused by decarburisation and aluminium deoxidation.
Evolution of steel temperature depending on vacuum duration and material additions.
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Fig. 1: Structure of the dynamic process model for the vacuum circulation process
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To describe the degassing reactions, the element removal rates in vacuum vessel and ladle
have to be calculated separately. The exchange of degassed steel between vacuum vessel
(weight Wy, element content X with X = C, H, N ) and ladle (weight W, element content X )
with the steel circulation rate Qy results in the ladle degassing rate
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In addition to this steel exchange, for the vessel the degassing reaction under vacuum is de-
scribed by a first order differential equation of a diffusion process in liquid steel, Kleimt et al (1):

dX, Q, 1
_ - _M _ . - 2
o W, (XL Xv)+7—xv (Xv XQ) (2)

The reaction time constant Ty, is @ model parameter which summarises the mass trans-
port coefficient of the corresponding element and the reaction surface in relation to the steel
weight. Xq is the respective equilibrium content in the gas bubbles near below the bath surface,
see Kleimt et al (2). Combining these equations gives the degassing rate of the total heat (2):
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with the effective time constant

W
TX = m . TXV + _L
WV QM
The steel amount in the vacuum vessel is given by the pressure difference between vessel and
atmosphere and the vessel geometry. The steel circulation rate is calculated depending on
vessel pressure and lift gas flow rate according to a mathematical model of Ahrenhold et al (3).

(4)

In addition to the mass transfer in the liquid phase, for denitrogenation also the reaction at the
liquid / gas interface has to be taken into account, Harada et al (4). This means thatin equ. (2)
and (3) the equilibrium content N o has to be substituted by the interfacial content N;. The reaction
at the liquid / gas interface under vacuum is described by
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with the second order reaction coefficient k ,, divided by the mass transfer coefficient ky. For the
total denitrogenation rate the corresponding additional equation is
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The ratio of both kinetic coefficients depends on the contents of the surface-active elements
oxygen and sulphur. Values for their influence factors Ag and As are given in Bannenberg et al
(5), whereas Ry is introduced as a model parameter, Kohle et al (6):

k
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The equations for calculation of the equilibrium conditions for the degassing reactions are
compiled in Table I. The equilibrium content Xq depends on the partial pressure Pr of the
reaction gas (R = CO, H ,, N,) according to equ. (9). The conversion factor Fr used in this
equation can be derived from equ. (8) for the equilibrium constant K x. Using standard values at
1600 °C for Ky, the conversion factor Fr is calculated according to equ. (10). The activity coeffi-
cient fx can be set to 1 for low alloyed steels.

Table I: Equilibrium conditions of degassing reactions



Decarburisation Dehydrogenation Denitrogenation
Equiibrium | o Peo i NP k. - VPro
constant (8) fo -Cq -fo -Oq 7f, -H, NTE, “Ng
Equilibrium
cgntent (9) Co =Feo Feo Hq = Fz -/Pap Nq = Fyz -y/Ph2
Comversion | _ 0002 % | 00025 % | 00434 %
Ceoqntf(:alnt”(l’;n(;) %0 fofy-Oq bar " fy  bar'? " fy  bar'?
Conversion gas _ 224 m3 ) w _ 224 m? ] w _ 22.4m?3 ] w
flowrate (11) | % 12kg 100% P 2kg 100% | °Y 28kg 100%

The partial pressure of the reaction gas near below the bath surface results from the vacuum
vessel pressure Pgy, an additional pressure P2y, and the concentration of the reaction gas which
is diluted by the process gas with the flow rate Qp:

Fpx - Dy
Fpx "Dx +Ryq - Qp

The reaction gas flow rate is proportional to the degassing rate, abbreviated as D x, with the
factor Fpyx from equ. (11). The process gas consists of the lift gas with the flow rate Qp and the
gases of the degassing reactions which occur besides the reaction for the element X. Rq is the
resulting dilution ratio. With the model parameter Ryq it is considered that the dilution of the
reaction gas mainly occurs in the part of steel which is above the up-leg snorkel of the vacuum
vessel, which reduces the dilution effect.

Pr =(Psy + Pz )

= (Pev +Pzv ) Rq (12)

With the additional pressure Py it is taken into account that the expansion of the ascending gas
bubbles is impeded because they have to accelerate the surrounding steel, see Szekely et al (7).
From theoretical investigations in Kohle et al (6) it was found, that the additional pressure near
below the bath surface depends on the vessel pressure according to

Py, = ZE'eXp[—PGv/(z'PZE)]- (13)

The additional pressure Pz for Pgy = 0 is a model parameter, which has to be identified from the
degassing behaviour. Its value is with about 40 mbar much higher than the vessel pressure itself.

The steel oxygen removal rate can be cal- 1
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gen solved in the steel can easier be supplied for the decarburisation reaction than the one
coming from slag oxides. Therefore the steel oxygen removal ratio can be estimated from the



oxygen and carbon contents Oy and C, analysed before vacuum treatment, as shown in Fig. 2.

The temperature decrease during vacuum treatment is calculated as:

—%=RTL+RTV-exp(—t/TRTV) (15)

With the constant temperature loss rate RT | the radiation losses in the ladle are taken into account.
An additional dynamic temperature loss due to heat transfer of the circulating steel to the vessel
lining is described by an exponential function. Starting from an initial loss rate RT y, which mainly
depends on the thermal state of the vacuum vessel, the loss rate decreases with the time constant
Trrv to almost zero at the end of vacuum treatment, due to the diminished intensity of the degassing
reactions and the approach of a steady-state thermal condition of the vacuum vessel. The influence
of material additions is considered by the material-specific chilling factor given in K/ (kg / t), that
means the temperature decrease after addition of one kg to one ton of liquid steel. The temperature
increase by deoxidation with aluminium after decarburisation is calculated from the corresponding
oxygen removal based on thermodynamic relations.

MODEL VERIFICATION AND SIMULATION RESULTS

The process model was installed on a PC for dynamic simulation under MATLAB and SIMULINK.
It was verified by comparison of simulation results with measured process data from the RH/1
plant of VASL. The degassing behaviour and the evolution of steel temperature were simulated
based on the heat-specific start values which are the analysed contents of carbon and nitrogen
as well as Celox respectively Hydris measurements for steel temperature, oxygen and hydrogen
content. Input values for the simulation are the cyclically measured values for vessel pressure
and lift gas flow rate, as well as type and amount of material additions during vacuum treatment.
The model parameters were optimised for each heat by minimising the deviations between the
simulation results and the corresponding analysed respectively measured values during and after
vacuum treatment. For verification of the decarburisation behaviour, additionally cyclically
measured values for waste gas flow rate and CO / CO, content were used. In the following
simulation results for different example heats which are based on the adapted model parameters
are shown, together with the model accuracy which was achieved with parameter mean values
resulting from the optimisation results of all evaluated heats. The simulation error for the different
degassing reactions and the steel temperature is given in Table II.
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model, the data of 40 unkilled heats
were evaluated. Fig. 3 shows the
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the measured one before deoxidation.
In Fig. 4 and 5 the analysed respec-
tively measured final carbon and oxy-
gen contents are compared to the ; N
simulation results based on mean 0 5 .10 15
parameter values for all heats. Vacuum treatment time / minutes

o
o

800

------ calculated from measured
waste gas values

— simulated

-
L=,
u
o
o

[42]
o

#* 0O analysed / measured

w

o Oxygen content

Decarburisation rate / (ppm/min)
— [a*] (] E
© o, o ©

=]
o

Fig. 3: Decarburisation simulation
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gen content during RH treatment

Verification of the dehydrogenation model was performed with the data of 30 deoxidised heats.
Fig. 6 shows for two example heats the simulation results with optimised parameters, together with
Hydris measurements. The good simulation accuracy is also proven with Fig. 7, where the simula-
tion results of the final hydrogen content based on mean parameter values are shown for all heats.
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For verification of the denitrogenation model
the nitrogen pickup from material additions had
to be taken into account. Due to the uniform
sulphur content of the 46 evaluated heats with
30 ppm on the average, no significant influence
on denitrogenation occurred. Fig. 8 shows the
nitrogen simulation based on optimised model
parameters for two heats, together with the
analysed nitrogen content. In Fig. 9 the simula-
tion results of all evaluated heats are displayed.
lation was checked for all evaluated heats.



Fig. 10 shows the simulation results for two 160
deoxidised example heats, which were the first * before vacuum
and the last heat of a sequence of in total four ® after vacuum

heats. For the first heat, the dynamic vessel
temperature loss rate is much higher than for
the last one. This effect of the thermal vessel
state can clearly be seen in the temperature
drop during the first 5 minutes of treatment.
After about 10 minutes, thermal steady-state
conditions are reached. As for most of the
evaluated heats no information on the thermal
state of the vacuum vessel was available, its
influence on the parameters for the vessel
temperature loss rate could not be considered,
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Table II: Accuracy of the process model concerning the different degassing reactions and the
steel temperature

Degassing reaction Number | Simulation error / ppm
of heats Mean Standard
value deviation
Decarburisation / Final carbon content 40 24 8.7
Decarburisation / Carbon content before deox. 40 -2.3 7.8
Decarburisation / Oxygen content before deox. 40 -6.0 22.8
Dehydrogenation / Final hydrogen content 30 0.002 0.2
Denitrogenation / Final nitrogen content 46 -0.02 7.6
Steel temperature / During RH treatment 116 04K 54K




APPLICATION OF THE PROCESS MODEL FOR ON-LINE OBSERVATION

The model was applied for process observation, that means the continuous calculation of the
carbon, oxygen, nitrogen and hydrogen content of steel as well as the steel temperature during
vacuum treatment. To simplify the process model for this on-line application, the element con-
centrations X = C, H, N of steel in the vacuum vessel and in the ladle are not calculated sepa-
rately, but as common concentrations of the total heat. The resulting total degassing rate is given
in equ. (3) with the effective time constant T x of equ. (4). The steel amounts W and W | as well
as the steel circulation rate Qu, which are required to calculate this effective time constant,
change during vacuum treatment. As the vessel pressure decreases, the steel amount in the
vacuum vessel increases, and the steel circulation starts with also increasing rate. But as after
approximately 3 minutes steady-state values for W, and Qy are reached, a constant mean value
for the effective time constant can be chosen for each degassing reaction. The accuracy of the
process model is only slightly decreased by this simplification.

The required input values for the model-based on-line observation system are:
e cyclically measured vessel pressure and lift gas flow rate

e analysed contents of carbon, sulphur and nitrogen before start of vacuum
e measured start values of oxygen content and steel temperature

o start steel weight

e material additions during vacuum treatment

The measured or analysed hydrogen content at treatment start is not required as it has only a
small influence on the finally achieved content, see Kohle et al (6).

To improve the accuracy of the decarburisation observation, the cyclically measured values of
waste gas flow rate Q4 and its CO / CO, content can be used. From these values the current
decarburisation rate can be calculated to:

dC 1 Qco

ot (Kco + Kcoz) Qa Foo Foo (16)
With the analysed start content C, as initial value, integration of the decarburisation rate gives
the current carbon content of the heat. Systematic errors in this carbon balance due to the
measured waste gas values can be partially compensated by a correction factor, which is adap-
ted after each heat so that the final content from the carbon balance is equalised to the analysed
one. A moving average of this correction factor over a number of preceding heats can be used
for the next heat. However, by this method irregular errors of the waste gas measurement and
errors in steel weight and start carbon content cannot be corrected. An evaluation of the carbon
balance based on waste gas values revealed that the accuracy of the observed final carbon
content is with an error mean value of 7 ppm and a standard deviation of 26 ppm very poor.

To improve the accuracy of the carbon balance, a model-based on-line correction calculation was
developed, which uses the almost linear relation between decarburisation rate and carbon
content during the final phase of decarburisation. As described in detail in Kleimt (2), this relation
can be derived from equ. (3), (9) and (12) and can be expressed as:

T, =C-C: R, (17)

Ck is the carbon content, which would finally be reached without the dilution effect by the process
gas (Rq = 1). ltis in equilibrium with the final oxygen content at the final bubble pressure, which
is mainly determined by the additional pressure Pz,. Due to the dilution ratio Rq, this equation is
non-linear and can be linearised by introduction of a modified carbon content Crq:



dC
~ i Te=C+(1-Ro)-Cc ~Cc = Crg ~Ce (18)
Cra can be calculated on-line, using the cyclically measured process gas flow rate, and the CO
flow rate as well as the carbon content resulting from waste gas values as described in equ. (16):

CRQ=C+[ Rva Qo j-cE (19)
Qco + Ryg - Qp
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Fig. 12: Decarburisation diagram of model-based
correction calculation

As equ. (18) describes, at this point the modified carbon content C gq should reach on the
average a representative mean value of C g, which is indicated in the figure. For the example
heat the extrapolation results in a final carbon content C g which deviates from the expected
one. The difference of these two carbon contents ACg can be used for correction of the carbon
content which results from the carbon balance. This correction calculation was applied to the 40
decarburisation heats which were used for model verification, to check if the accuracy of obser-
vation concerning the final carbon content can be improved. Fig. 13 shows the result for the
example heat of Fig. 12. As a reference the carbon contents resulting from the balance with
correction by the moving average value and with a heat-individual value which leads to the exact
final carbon content are plotted. As can be seen the correction value ACg changes during the
regression calculation together with the slope of the decarburisation diagram. The regression
calculation is stopped after approximately 9 minutes because the correlation coefficient becomes
too low. By this it is ensured that only the linear section of the decarburisation diagram is used
for extrapolation. From this point on ACg
is fixed up to the end of treatment. The .
resulting observed final carbon contentis ~ 2s0—— e o ection
the most accurate one with respect to the exact carbon balance
analysed one. Fig. 14 shows the accuracy —— model based correction
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was achieved with the model-based cor-

rection calculation. The error standard
deviation of the final carbon content was
reduced from 26 ppm to 6 ppm, which is
also an improvement of about 2 ppm
compared to the error achieved without
using the measured waste gas values,
see Table II. A similar correction calcula-
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CONCLUSIONS AND PROSPECTS

The developed on-line observation system calculates the current heat status during RH treatment
with good accuracy and therefore allows to reduce the number of samples as well as temperature
and Celox measurements. Furthermore the time can be determined when the required final con-
tents of carbon, hydrogen and nitrogen are achieved. This means that it is not required to elongate
the vacuum treatment time more than necessary. At the RH plants of VASL it will be extended to
nitrogen pickup by lift gas and the influence of oxygen supply via a top lance. In calculating the steel

temperature, the influence of the thermal vessel state will be considered.
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LIST OF SYMBOLS (including model parameter values for the RH/1 plant of VASL)

Symbol Meaning Value Unit
Ao factor of oxygen effect on denitrogenation 770 1%

As factor of sulphur effect on denitrogenation 620 1/%

Ce final carbon content without CO dilution 0.004 %

Cer final carbon content from extrapolation of waste gas values %

Cra carbon content without CO dilution effect %

fx activity coefficient of element X (X=C, H, N, O) 1

Fpx conversion factor degassing rate to gas flow rate (X = C, H, N) m3/%
Fco conversion factor CO partial pressure to C equilibrium %>?/bar
Fr conversion factor partial pressure to equilibrium (R = Hy, N,) %/bar'?
Ky mass transfer coefficient of N m/s

Kno second order reaction coefficient of N m/s/%
Kco CO concentration of waste gas %

Kcoz CO, concentration of waste gas %

Kx equilibrium constant of element X (X =C, H, N) 1

O Oxygen content of steel %

Pr partial pressure of reaction gas (R = CO, H,, N,) bar
Pgv vacuum vessel pressure bar

Pzv additional pressure due to steel acceleration bar

P additional pressure at P =0 0.043 bar

Qa waste gas flow rate m3/h
Qco CO gas flow rate m3/h



Qp process gas flow rate m3/h

Qu steel circulation rate t/min
Qp lift gas flow rate m3/h
Rco steel oxygen removal ratio 1

Rva dilution efficiency of process gas 0.65 1

Rn coefficient of denitrogenation kinetics 0.006 %

Rao dilution ratio in a gas bubble 1

Ry ladle radiation temperature loss rate 0.93 K/min
Ry start value for vessel temperature loss rate vessel 2.0 K/min
S sulphur content of steel %

t time S

T steel temperature °C
Tx effective time constant of degassing (X = C, H, N) 70/124/294 s

Txv reaction time constant of degassing (X = C, H, N) 05/45/17.5 s
TrTv time constant for decrease of vessel temp. loss rate 2.92 min
X element content of steel (X = C, H, N) %

w steel weight t
Indices

L in the ladle \Y in the vacuum vessel

Q at equilibrium i at liquid / gas interface 0 at treatment start
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